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A Chiroptical Molecular Switch with Distinct Chiral and Photochromic Entities and Its Application in Optical Switching of a Cholesteric Liquid Crystal Introduction
Molecular switches are prominent members of the toolbox of nanotechnology. [1] The broad current interest in bistable molecular systems, which can function as molecular switches, has resulted in a large variety of organic structures which potentially can be applied for example in optical data storage and processing.
[2] The most widely studied class of molecular switches are based on photochromic molecules where light can be used as a stimulus for switching. [3] Requirements for applications of these systems, such as high switching selectivity and fatigue resistance, have been met by fine-tuning of the different molecular structures.
[2] A number of switching systems was also shown to function in processable media, which is absolutely essential for any nanotechnological application. Typical materials include photochromic (doped) polymers [4] or polypeptides, [5] crystals, [6] and liquid crystals. [7] Usually photochromism is monitored by UV/Vis spectroscopy at the absorption maxima of the bistable molecular system but in an application as lightcontrolled molecular switches this implies destructive readout. In order to meet the requirement of non-destructive read-out chiroptical molecular switches based on the photochromism of chiral sterically overcrowded alkenes have been developed. [8] These overcrowded alkenes are unique because switching results in a reversal of the intrinsic chirality, changing the handedness of the helicity of the system. Two types of switches based on sterically overcrowded alkenes were developed ( Figure 1 ): A) enantiomeric photobistable molecules where two enantiomers are interconverted at a single wavelength by changing the handedness of the circularly polarized light, and B) diastereomeric photobistable molecules where the photochromic compound consists of two pseudoenantiomeric forms of opposite helicity which Abstract: Two new structurally related photoswitches are described, in which azobenzene photochromism is combined with the chirality of a 2,2'-dihydroxy-1,1'-binaphthyl unit. In system 1 the chiral binaphthyl moiety is bridged by a methylene tether, locking the biaryl chirality while in system 2 the biaryl core is unbridged and has considerable conformational flexibility. Both compound are capable of inducing cholesteric liquid crystalline phases and proved to be good photoswitches both in solution and in a liquid crystalline matrix. Compound 2 is capable of completely reversing the liquid crystalline chirality which is unique for a chiroptical molecular switch where the switching unit and the chiral moiety are separate entities. Keywords: biaryls ¥ chirality ¥ isomerization ¥ liquid crystals ¥ molecular switches ¥ photochromism can undergo photoisomerization by irradiation at two different wavelengths l 1 and l 2 .
Both systems can be read-out in a non-destructive manner by optical rotation employing wavelengths far outside the absorption bands of either of the bistable molecular forms of the switchable system. The photomodulation of intrinsic chirality also offers the possibility of using these systems as triggers of liquid crystalline phase transitions where the chirality of a chiral nematic (cholesteric) liquid crystal is fully controlled by using a chiroptical molecular switch as a dopant. [9] Steric hindrance resulting in an intrinsic helical structure is an essential feature in all the switchable chiral alkenes developed so far. There are a number of other examples of chiral optical switches but in most of these systems the photochromic part and the chiral part are separate entities. In these cases switching does not change the chirality of the system although it can have a substantial influence on the chiral properties ( Figure 1C ).
[2, 10] Some of these systems, which are based on different types of photochromism, have been employed in liquid crystals and could influence the chiral properties of the systems but not control the handedness of the cholesteric phase, that is, the magnitude but not the sign of the cholesteric pitch could be switched by light in a reversible manner. [11] Very recently, for example, an axially chiral photoswitchable compound based on azobenzene photochromism combined with binaphthalene chirality was reported. [12] With this system doped in nematic liquid crystalline hosts, it was possible to induce cholesteric phases by the influence of the chiral binaphthyl part of the dopant and to influence the chiral properties by photoinduced trans±cis isomerization of the photochromic azobenzene part of the dopant. The handedness of the liquid crystalline phase, however, remained the same. Here we report on two structurally related systems, in which azobenzene photochromism is combined with the chirality of 2,2'-dihydroxy-1,1'-binaphthyl (BINOL), a source of chirality which is nowadays easily available and has found a myriad of applications as chiral ligand and catalyst in asymmetric synthesis. [13] The new photochromic compounds (S)-1 and (S)-2 are shown in Scheme 1. These two compound were designed as phototriggers for liquid crystalline phase transitions. Functionalized 1,1'-binaphthalenes are very efficient dopants to induce chiral nematic LC phases and high helical twisting powers are observed due to the intrinsic chirality of the binaphthalene core (see below). [14] It was established that the chiral induction is highly dependent on the dihedral angle (q) between the two naphthalene moieties.
[15] In the most commonly observed cisoid conformation (q < 908), an (S)-binaphthalene compound induces a positive cholesteric phase while in the transoid (q > 908) conformation a negative cholesteric phase is induced by an (S)-binaphthalene compound.
For compounds 1 and 2, the intrinsic chirality of the binaphthyl-based core should guarantee the induction (in a nematic solvent) of cholesteric mesophases. The azobenzene moieties are oriented in the same direction as the axis joining the two naphthalene moieties. In LC hosts, binaphthalenes are known to orient with this axis parallel to the nematic director.
[14a] In compound 1 the chiral binaphthalene core is rigidified by a methylene bridge in order to minimize the influence of azobenzene photoisomerization on rotation around the biaryl bond as the compound is fixed in a cisoid conformation (note that racemization cannot occur under the present conditions). In compound 2 the chiral binaphthalene core has more rotational freedom and the influence of photoisomerization of the azobenzene on the overall geometry of the molecule could be more pronounced. We anticipated a major influence of azobenzene switching on the overall conformation, and as a consequence the chirality, of the compounds which could lead to chiroptical switching of the handedness of these cholesteric phases.
The photochromic and chiral properties of these two systems were studied both in solution and in liquid crystalline (LC) environment.
Results and Discussion
Synthesis: Compounds (S)-1 and (S)-2 were synthesized starting from (S)-6,6'-dibromo-2,2'-dihydroxy-1,1'-binaphthalene [16] in four steps: 1) protection of the hydroxy groups in 1,1'-position of the binaphthalene rings; [17] 2) substitution of the two bromine atoms in 6,6'-position with two hydroxy groups; 3) coupling reaction with the benzenediazonium tetrafluoborate salt and 4) methylation of the two hydroxy groups in 6,6'-position of the binaphthalene moiety (Scheme 1).
The presence of two azobenzene moieties in both compound 1 and 2 allows the existence of three isomers, the energetically preferred all-trans C 2 -symmetric isomer (tt), the Scheme 1. Synthesis of enantiomerically pure chiroptical molecular switches (S)-1 and (S)-2 starting from (S)-6,6'-dibromo-2,2'-dihydroxy-1,1'-binaphthalene 3: a) K 2 CO 3 , DMF, CH 2 I 2 , 808C, 78 %; [17] b) K 2 CO 3 , DMF, CH 3 CH 2 Br, 80 8C, 88 %; c) nBuLi, À78 8C; d) BF(OCH 3 ) 2 , À78 8C; e) NaOH/H 2 O 2 , 0±20 8C (yields (S)-6: 86%, (S)-7: 72 %); f) benzenediazonium tetrafluoroborate salt, pyridine and K 2 CO 3 in anhydrous THF, À20 8C (yields (S)-8: 38%, (S)-9: 43 %), g) MeI/K 2 CO 3 in DMF (yields (S)-1: 65 %), (S)-2: 66 % yield).
mixed cis±trans isomer (ct) and the all-cis C 2 -symmetric isomer (cc). These forms can be interconverted by photoinduced isomerization of the photochromic azobenzene moieties (Scheme 2). A substantially steric influence of the binaphthalene core on the overall geometry and chirality upon photoisomerization is expected. Whereas in the alltrans configuration of 1 and 2 the linear orientation around the azo double bond allows for the phenyl group to simply bend away, upon trans to cis isomerization steric interactions are severely increased and the chiral binaphthyl unit is expected to exert an effect on the orientation of the azophenyl moiety. Pure-energetically favorable-tt-(S)-1 and tt-(S)-2 were obtained by heating any mixture of tt, ct and cc isomers to allow thermal equilibration. The UV/Vis and CD spectra of both tt-(S)-1 and tt-(S)-2 are depicted in Figure 2 .
Upon comparison of compound 1 and 2 distinct differences in the UV/Vis absorption are observed. First of all, it is interesting to compare the absorption spectra of (S)-1 and (S)-2 with the corresponding spectra of (S)-2,2'-methylenedioxy-1,1'-binaphthyl (S)-10 and (S)-2,2'-dimethoxy-1,1'-binaphthyl (S)-11, that is, the compounds which are the model compounds of the core of (S)-1 and (S)-2 ( Figure 3 ). [18] In the spectra of those model compounds, two main region of absorption, can be easily singled out: a) 350± 250 nm and b) 250±200 nm. As it is well known, region a is due to the 1 La transition (short axis polarization) while region b) is due to the 1 B transition (long axis polarization) of the naphthalene chromophore. [18] Interestingly, the absorption of these model compounds is almost negligible at 250 nm and the extinction coefficient at about 300 nm is in the range of 7000±8000, therefore the strong absorption bands (e 20 000 or even more), present in the spectra of both (S)-1 and (S)-2 at wavelengths longer than 300 nm, are related to the aromatic azo-moieties. As a matter of fact, trans-phenyl-N=N-(1-naphthyl) shows absorptions at 454 nm (e max 450, n!p* transition) and 371 nm (e max 22 900, p!p* transition), [19] therefore we can conclude that the bands observed for (S)-1 and (S)-2 at about 460 and 400 nm are due to the n!p* and p!p* transitions of the aromatic azochromophore, respectively. The wavelength shift is due the presence of the substituents in both (S)-1 and (S)-2. By contrast, the intense bands at l < 250 nm are certainly due to the binaphthyl chromophore, in particular the sequence of a shoulder at about 230 nm followed by a maximum at about 220 nm is clearly indicative of the presence of a small dihedral angle between the naphthyl rings (in fact (S)-1 is a bridged binaphthyl compound) whilst the broad peak at 230 nm for (S)-2 clearly reveals a larger dihedral angle between the aromatic rings, [18] as it is certainly true for the open derivative (S)-2. In the CD spectra, the excitations of the azo-moieties (wavelengths longer than 300 nm) give rise to only relatively weak Cotton effects, whilst a strong, positive couplet in the spectra of (S)-1 and (S)-2 shows clearly the existence of cisoid binaphthyl chromophores, taking into account that both these compounds have (S) absolute configuration. [18] The absorption band at 390 nm of tt-(S)-1 is bathochromically shifted to 405 nm for tt-(S)-2. Similarly, the absorption band at 450 nm of cc-(S)-1 is red-shifted to 460 nm for cc-(S)-2. This effect can be ascribed to an inScheme 2. Possible photochemical interconversions between three compounds differing in azobenzene geometry. creased contribution of the lone pairs of the oxygens in 1,1'-position of the binaphthyl group to the delocalized p electronic system. [20] This should have a small but distinct effect on the photochemical properties.
Isomerization in solution:
Solutions of pure tt-(S)-1 in chloroform and n-heptane (10 À5 m) were irradiated at different wavelength (391, 396, 450 nm) and the change in UV/ Vis absorption and circular dichroism (CD) was monitored. From the ratio of the different absorption curves, the most ideal wavelength for trans to cis and the reverse cis to trans isomerization were determined to be 396 and 450 nm, respectively. The UV/Vis and CD characteristics of compound (S)-1 in chloroform and n-heptane are similar. The UV/Vis and CD spectra corresponding to the two photostationary states at 396 and 450 nm in n-heptane solution are depicted in Figure 4 , together with the UV/Vis absorption of the initial tt-(S)-1 solution.
The photostationary state ratios of the three forms (Table 1) were analyzed by HPLC and the three geometrical isomers could be assigned by diode-array UV/Vis analysis. Only starting from chloroform solution full baseline separation of the three isomers was achieved and the ratios in this solvent are reported. Analysis of the not fully separated HPLC traces and UV/Vis and CD spectra from n-heptane solution revealed similar switching selectivities in this solvent. The first (least polar) eluted fraction shows a UV/Vis spectrum coincident with the spectrum of the initial compound after the thermal isomerization, and it was assigned the trans±trans (tt) structure. The third (most polar) fraction shows a UV/Vis spectrum characterized by the disappearance of the absorption bands at l = 390 nm and l = 480 nm and the appearance of a broad band at l = 450 nm that is typical of a cis-azobenzene moiety. [21] It was assigned the cis±cis (cc) structure. The second substance eluted (intermediate polarity) shows an UV/Vis spectrum that is exactly the average of the spectra of the two previous compounds, so it is safe to assign to this compound the cis±trans (ct) structure.
After 396 nm irradition 58 % of all azobenzene units are switched to the cis configuration, subsequent irradiation at 450 nm results in a photostationary state in which 82 % of all azobenzene units are present in trans form. The presence of an isosbestic point at 269 nm indicates a clean switching process which was shown to be fully reversible. From the photostationary state ratios and UV/Vis spectra, the absorption spectra of ct-1 and cc-1 could be calculated ( Figure 5 ). These spectra and also analysis of the UV/Vis spectra obtained directly from the HPLC detector show that the absorption spectrum of ct-(S)-1 is the exact average of the spectra of the all-trans and all-cis forms of (S)-1. In this C 2 -symmetrical system, the two azobenzene units act as separate entities. The ratios observed for both photostationary Figure 4 . UV/Vis and CD spectra of (S)-1 in n-heptane solution: c, photostationary state at 450 nm (excess trans); a, photostationary states at 396 nm (excess cis). The original spectra of pure tt-(S)-1 are plotted for comparison (g). Table 1 . Ratios of the three geometrical isomers of (S)-1 at the photostationary states in chloroform.
[a] 19  46  35  450  67  30  3 [a] As determined by HPLC analysis on silica gel using CHCl 3 /Et 2 O 98:2 at 0.25 mL min À1 and 296 nm (which is an isosbestic point of the three form this eluent) as a detection wavelength. The elution order is: tt-(S)-1 (16.5 min), ct-(S)-1 (23.0 min) and cc-(S)-1 (28.5 min). 
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states are a near statistical distribution of the amount of trans and cis azobenzene units. The most apparent feature of these spectra is that the difference between the UV/Vis spectra of the all-trans compound tt-(S)-1 and both cis-compounds ct-(S)-1 and cc-(S)-1 is relatively small compared to other azobenzene photochromic compounds reported. [22] This small difference results in a relatively modest switching efficiency but nevertheless it is shown here that compound (S)-1 can readily function as a molecular switch in chloroform and n-heptane solution. From the CD spectra of both photostationary states and the initial tt-(S)-1 isomer (Figure 4 ) only a minor influence of azobenzene isomerization on the overall geometry and chirality of this compound is observed. This was expected since the intrinsic chirality of the binaphthalene core is fixed by the methylene tether.
Compound (S)-2 was analyzed in the same manner using a 10 À5 m solution of pure tt-(S)-2 in chloroform and n-heptane. As for compound 1, UV/Vis and CD spectra as well as switching selectivities were comparable in both solvents. The most efficient wavelengths for the switching process were determined to be 405 nm for the trans to cis isomerization and 466 nm for the reverse process. The photoisomerization showed a clear isosbestic point at 271 nm ( Figure 6 ). The photostationary state ratios are shown in Table 2 .
Comparable to compound 1, the HPLC analysis of the photostationary states show the presence of three isomers easily assignable to the tt, ct and cc (S)-2. Also for this compound the absorption spectrum of ct-(S)-2 is the exact average of the spectra of the all-trans and all-cis forms of (S)-2, and the absorption difference between the cis-and transforms are less pronounced than expected. The calculated spectra for ct-2 and cc-2 are depicted in Figure 7 .
When the wavelength of 405 nm is used to promote the trans-to cis-isomerization process, only 44 % of all transazobenzene moieties present are switched to the cis-form. Subsequent irradiation at 466 nm results in a photostationary state in which 76 % of the azobenzenes units are present in the trans-form. Also, the observed ratios reflect a near statistical distribution of trans-and cis-azobenzene units and no combined effect of the two units present in each molecule is observed.
Also for compound 2 the effect of cis±trans isomerization on the chirality of the compound was studied by circular dichroism ( Figure 6 ). The most striking observation here is that the effect of this isomerization is similar to the effect observed for (S)-1. Although some changes in CD can be observed upon irradiation the overall chirality of the system is more or less retained even though the rotational freedom of the binaphthalene core is far larger than for compound (S)-1. The bisignate CD band around 240 nm reflecting the chirality of the binaphthalene core is hardly changed upon photoirradiation. The relative changes in the bathochromic side of the spectrum are more pronounced, comparable to Table 2 . Photostationary state ratios of the three isomers of (S)-2 in chloroform.
[a] ) and HPLC analysis using the same conditions as for 1 using a detection wavelength of 245 nm (isosbestic point of the three forms in this eluent). The elution order is the same as for compound 1: tt-(S)-2 (13.8 min), ct-(S)-2 (18.3 min) and cc-(S)-2 (21.4 min). Figure 6 . UV/Vis and CD spectra of (S)-2 in n-heptane solution: c, photostationary state at 466 nm (excess trans), a, photostationary states at 405 nm (excess cis). The original spectra of pure tt-(S)-2 are plotted for comparison (g). 
solution experiments. Both compounds were subsequently examined in liquid crystalline hosts.
Photomodulation of cholesteric liquid-crystalline mesophases: The behavior of (S)-1 and (S)-2 was studied in E7 (a commercially available nematic mixture of different biphenylcarbonitrile-based mesogens, liquid crystalline up to 58 8C). All samples were prepared with a concentration of active compound (tt-(S)-1 or tt-(S)-2) of three weight %. The pitches of the induced cholesteric mesophases were determined by the Grandjean±Cano technique. [23] The sign of the cholesteric phases was determined using a contact method where mixing of the samples with a doped cholesteric liquid-crystal of known negative screw sense was tested. [24] The wavelengths used for photoswitching were the ideal wavelength determined for CHCl 3 solution.
For the LC sample doped with three weight % tt-(S)
À1
. [25] The positive screw sense of the cholesteric packing induced by an (S)-binaphthalene based dopant is in accordance with comparable compounds. [14] Irradiation with 396 nm increased the cholesteric pitch to + 2.24 mm while subsequent irradiation with 450 nm decreased the pitch to + 2.18 mm. The ratio of the three isomers tt-(S)-1, ct-(S)-1 and cc-(S)-1 in the photostationary states in the liquid-crystalline phase were determined by HPLC (Table 3 ).
Comparing these results in an LC phase with those of a CHCl 3 solution (Table 2) , shows a less selective trans to cis isomerization. The cis to trans isomerization on the other hand is more selective. These minor effects can be attributed to changes in the relative absorption of the various isomers in a different environment. From the experimental photostationary ratios and the cholesteric pitches the helical twisting powers of ct-(S)-1 and cc-(S)-1 could be calculated to be + 17.2 mm À1 and + 13.0 mm
. All three forms have comparable helical twisting powers and azobenzene isomerization was proven to occur in a liquid crystalline environment. The switching selectivity in a LC host is similar to the switching selectivity in chloroform solution but irradiation times are prolonged. Because of the similar helical twisting powers found for tt-1, ct-1 and cc-1, however, no efficient switching of cholesteric phase chirality is possible for (S)-1. This was already anticipated because the binaphthalene core, expected to be largely responsible for chiral induction in a liquid crystal, is fixed by a methylene tether and azobenzene isomerization hardly has any effect on the chirality of the core as already observed in CD experiments in chloroform solution.
Compound (S)-2, although structurally similar to (S)-1, shows completely different behavior in a liquid crystalline matrix. Again, three weight % of pure tt-(S)
. Irradiation with 402 nm light inverted the cholesteric pitch to À5.52 mm while subsequent irradiation at 466 nm reverted the pitch to + 21.87 mm. [26] During these photoinduced cholesteric helix inversions the Grandjean±-Cano lines observed through a polarization microscope moved outwards, then disappeared and upon continued irradiation appeared again. This is a unique case of direct observation of gradual cholesteric helix inversion via a compensated nematic phase using a chiroptical molecular switch. The photostationary state ratios of the three isomers tt-(S)-2, ct-(S)-2 and cc-(S)-2 in the liquid-crystalline phase determined by HPLC, using the same method as for compound 1, are summarized in Table 4 .
Also thermal switching back to tt-(S)-2 starting from the 402 nm photostationary state was investigated and after heating the sample to 50 8C (where the sample is still liquid crystalline) the mixture fully reverts to > 99 % tt-(S)-2 as confirmed by HPLC analysis. The helical twisting powers of ct-(S)-2 and cc-(S)-2 were calculated to be À8.4 mm À1 and À39.3 mm À1 , respectively. Compound 2 can function as an efficient molecular switch in a liquid crystalline matrix and photoswitching between three different forms can be induced by light. Due to the differences in helical twisting powers of the three forms, positive for tt-(S)-2 and negative for ct-(S)-2 and cc-(S)-2, the helicity of a cholesteric liquid crystal can efficiently be controlled. Essential here are the opposite helical twisting powers for the all-trans and the isomerized forms of 2.
At this point it is difficult to provide a detailed interpretation of the very different behavior of (S)-1 and (S)-2, however by comparison with model compounds (S)-10 and (S)-11 ( Figure 3) , respectively, we can make the following comments. First of all, (S)-10, the model compound for the core Table 3 . Photostationary state ratios of the three isomers of (S)-1 doped in mesogenic host E7 (3 wt %).
[a] [a] As determined by HPLC analysis on silica gel using a gradient from pure chloroform to chloroform/Et 2 O 98:2 (0.5 mL min À1 ) and 296 nm (which is an isosbestic point of the three form this eluent) as a detection wavelength. The elution order is: tt-(S)-1 20.9 min, ct-(S)-1 22.2 min, cc-(S)-1 23.3 min. Cholesteric pitches were determined by the Grandjean± Cano method. Table 4 . Photostationary state ratios of the three isomers of (S)-2 doped in mesogenic host E7 (3 wt %).
[a] [a] As determined by HPLC analysis on silica gel using a gradient from pure chloroform to chloroform/ether 98:2 (0.5 mL min À1 ) and 245 nm (which is an isosbestic point of the three form this eluent) as a detection wavelength. The elution order is: tt-(S)-1 20.7 min, ct-(S)-1 22.8 min, cc-(S)-1 24.2 min. Cholesteric pitches were determined by the Grandjean± Cano method. ) in PCB (a biphenyl-like nematic liquid crystal), [14c] whilst the HTPs of the three isomers of (S)-1 range between b = + + 13 and + 17 mm
. This indicates that the main source of the cholesteric induction of (S)-1 is still the binaphthyl core which is fixed in a cisoid conformation by the methylene bridge. The significant reduction of HTP going from (S)-10 to (S)-1 could be ascribed to a more difficult alignment of the molecules of the nematic liquid crystal around the (S)-1 solute, as a result of the steric hindrance due to the azo-substituents. It is also interesting to note that the above variation of HTP could also be related to a different alignment of the tt, ct, cc isomers of (S)-1 in the nematic solvent, owing to the different shape of these compounds. Ferrarini and Spada et al. have in fact recently demonstrated that biphenyl compounds with the same absolute configuration ((P), for instance) can induce a (P)-or (M)-cholesteric phase in E7, depending on their disk-like or rod-like behaviour, which is, in turn, related to the molecular shape of these derivatives. [27] On the contrary, the HTP of (S)-11, the model compound for the core of (S)-2, in K15 (a nematic solvent structurally similar to E7) is only + 1.5 mm
.
[14b] Therefore the calculated HTP values of b + 10.9, À8.4 and À39.3 mm À1 of tt-, ctand cc-(S)-2, respectively, could largely be attributed to the geometry around the azobenzene moieties which changes upon photoisomerization. It is remarkable that the changes in HTP on passing from the tt-(S)-2 to ct-(S)-2 to cc-(S)-2 are almost additive, indicating that the effects on the overall HTP value due to the two azobenzene isomerizations are almost independent. Although the intervention of a cisoid± transoid isomerization of the binaphthyl moiety cannot be ruled out, the CD spectrum of (S)-2 shows only very little changes after the photochemical irradiation in solution. A positive couplet is always observable: this means that the critical value of the dihedral angle for sign inversion of the CD couplet (q = 1108) is not attained. [18] Therefore, both before and after irradiation the dihedral angle of the binapthalene moiety of (S)-2 ranges between 90 and 1108. These values can be easily accepted, considering that other 1,1'-binaphthyl compounds with these characteristics are known. [18b,c] Only in the case of 2,2'-bis(bromomethyl)-1,1'-binaphthyl a dihedral angle larger than 1108 was reported. [14b] However, it is interesting to note, as we did above, that the variation of the HTP value increases with the extent of trans±cis isomerization of the azobenzene moieties. This supports the major role of the azobenzene isomerization on the overall geometry of the molecule. Next to a possible cisoid± transoid passage of the core itself due to the different steric hindrance around the binaphthyl moiety (see above), photoinduced cis±trans isomerization of the azobenzene moieties in (S)-2 can induce a change the overall geometry and helicity of (S)-2. The observed variations of the HTP can be explained as follows; either one or two photoinduced trans to cis isomerizations of the azobenzene moieties in (S)-2 give rise to a compound with an overall helicity opposite to the helicity of the binaphthyl core resulting in a reversal of the handedness of the cholesteric phase. An alternative explanation (following again Ferrarini, Spada et al.) [27] could be that azobenzene isomerization changes the alignment of the nematic solvent around the solute resulting in a different cholesteric phase.
Conclusion
We have shown that optically active binaphthyl derivatives containing two azobenzene chromophores can be prepared by straightforward chemistry in satisfactory yields starting from enantiomerically pure BINOL. Compounds (S)-1 and (S)-2 show interesting photochromic properties and they can act as molecular switches in solution. While compound (S)-1 in the liquid crystal host E7 shows only very small variation of the cholesteric pitch, compound (S)-2 in the same liquid crystalline host is capable of reversibly inverting the cholesteric packing upon photoisomerization. The all-trans form of (S)-2 has a positive helical twisting power whereas both forms with cis-azobenzene moieties induce a negative helicity. The helical twisting power of the all-cis form of (S)-2 is remarkably large. These features were thus far only observed for switches where photoisomerization resulted in a full reversal of the chirality of the molecular structure (inherently dissymmetric chiroptical switches). The present investigation clearly shows that the chemical coupling of the photochemical properties of the azo-group with the chirality of the BINOL skeleton constitutes a practicable approach to a new class of useful chiral molecular switches. Compound (S)-2 is the first example of a chiroptical molecular switch where the switching unit and the chiral moiety are separate entities that is capable to completely reverse liquid crystalline chirality.
Experimental Section
General procedures:
1 H NMR spectra were recorded in CDCl 3 on a Bruker Aspect 300 (300 MHz), Varian VXR-300 (300 MHz) or Varian Gemini-200 (200 MHz). 13 C NMR spectra were recorded in CDCl 3 on a Bruker Aspect 300 (75 MHz), Varian VXR-300 (75 MHz) or Varian Gemini-200 (50 MHz). Chemical shifts are denoted in d unit (ppm) relative to CDCl 3 . The splitting patterns are designated as follows: s (singlet), d (doublet), dd (double doublet), t (triplet), q (quartet), and m (multiplet) for 1 H NMR. For 13 C NMR the carbon atoms are assigned as q (primary carbon), t (secondary carbon), d (tertiary carbon) and s (quaternary carbon). Chemical ionization MS spectra were obtained with a AEI MS-902 spectrometer. The EI-MS spectra were obtained with a Jeol JMS-600 spectrometer. HPLC analyses were performed on a Waters HPLC system equipped of a 600E solvent delivery system and a 996 photodiode array detector. CD and UV/Vis analyses were performed on a JASCO J-715 spectropolarimeter and a Hewlett±Packard HP 8453 FT Spectrophotometer. Optical rotations were measured with a JASCO DIP-370 digital polarimeter and a Perkin±Elmer 241 polarimeter. THF was freshly distilled prior its use on sodium/benzophenone and stored under nitrogen atmosphere. CH 2 Cl 2 was distilled from P 2 O 5 and stored over activated 4 ä molecular sieves. Pyridine was distilled over CaH 2 and stored under nitrogen on KOH. n-Butyllithium (Aldrich) was a 1.6 m solution in n-hexane. Addition of organometallics were performed using syringe/septum cap techniques under nitrogen atmosphere. Commercial reagents were used without purification. Column chromatography was carried out with silica gel Merck 60 (80±230 mesh). Oriel 60100 Xe-lamp attached to an Oriel Cornerstone 260 monochromator. Photostationary states are ensured by monitoring composition changes in time by taking UV spectra at distinct intervals until no changes were observed. Ratios of the different isomers of the molecular switches were determined by HPLC by monitoring at the isosbestic point. Photoisomerizations in liquid crystalline films were performed with the same light source monitoring the phase transitions through a Olympus BX 60 polarization microscope. Ratios of the different isomers were again determined by HPLC.
Preparation and analysis of liquid crystalline samples: The pitches of the liquid crystalline phases were determined by the Grandjean±Cano technique using an Olympus BX 60 polarization microscope. [28] Grandjean±Ca-no textures were obtained by alignment of a cholesteric liquid crystalline material on a polyimide-covered glass surface. For this purpose a glass surface (typically 6.25 cm 2 ) was carefully cleaned with aqueous detergent and with organic solvent (2-propanol). This clean and dry surface was spin-coated (at approximately 3000 rpm for 1 min) with commercially available polyimide AL1051 (purchased from JSR, Belgium). These coated glass surfaces were allowed to harden at 170 8C in vacuum overnight. The surface was then linearly rubbed with a velvet cloth and the LC material doped with the appropriate amount of dopant dissolved in toluene (AE 5 mgmL À1 ) was slowly poured onto this alignment layer. After evaporation of the solvent at room temperature a suitable aligned LC film was obtained. The Grandjean±Cano texture was obtained by applying a plan-convex converging lens of known radius (R = 25.119, 30.287, 40.388 or 50.481 mm; Linos Components; Radiometer) onto this liquid crystalline covered surface. The sign of the cholesteric phases was determined using a contact method where mixing of the samples with a doped cholesteric liquid crystal of known negative screw sense, consisting of dopant ZLI-811, obtained from Merck in the appropriate liquid crystalline host, was tested.
Synthesis
(S)-6,6'-Dibromo-2,2'-methylenedioxy-1,1'-binaphthalene (4): K 2 CO 3 (3.5 g, 25 mmol) was added to a solution of (S)-6,6'-dibromo-2,2'-dihydroxy-1,1'-binaphthalene (2.66 g, 6.0 mmol) in dry DMF (30 mL) under nitrogen. The reaction mixture was stirred at 80 8C for 30 min, CH 2 I 2 (0.72 mL, 9 mmol) was added and stirring continued overnight at 80 8C. After cooling to RT, the reaction mixture was diluted with Et 2 O (300 mL), washed with H 2 O and brine, the organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. The product was purified by column chromatography (silica gel, pet. ether/Et 2 O 85:15) and a successive crystallization from Et 2 O/n-hexane affording pure (S)-6,6'-dibromo-2,2'-methylenedioxy-1,1'-binaphthalene as white crystals (2.13 g, 78 %). (S)-6,6'-Dibromo-2,2'-diethoxy-1,1''-binaphthalene (5): [16] K 2 CO 3 (3.0 g, 22 mmol) was added under nitrogen to a solution of (S)-6,6'-dibromo-2,2'-dihydroxy-1,1'-binaphthalene (2.22 g, 5.0 mmol) in dry DMF (18 mL). The reaction mixture was stirred at 80 8C for 30 min, bromoethane (1.1 mL, 15 mmol) was added and stirring continued overnight at 80 8C. After cooling to RT, the reaction mixture was diluted with Et 2 O (300 mL), washed with H 2 O and brine, the organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. The product was purified by column chromatography (silica gel, CH 2 Cl 2 /n-hexane 4:6) and a successive crystallization from Et 2 O/n-hexane affording pure (S)-6,6'-dibromo-2,2'-diethoxy-1,1'-binaphthalene as white crystals (2.20 g, 88 %). Preparation of BF(OCH 3 ) 2 : B(OCH 3 ) 3 (6 mL, 74 mmol) and BF 3 ¥Et 2 O (2.86 mL, 23.3 mmol) were mixed and stirred at RT for 30 min. The pure product was obtained by distillation collecting fractions between 50± 52 8C. The product was immediately used for the following reactions.
(S)-6,6'-Dihydroxy-2,2'-methylenedioxy-1,1'-binaphthalene (6): A solution of nBuLi 1.6 m in n-hexane (3.9 mL, 6.25 mmol) under nitrogen was added at À70 8C to a solution of (S)-6,6'-dibromo-2,2'-methylenedioxy-1,1'-binaphthalene (4; 1.140 g, 2.5 mmol) in dry THF (35 mL). The solution was stirred at À70 8C for 15 min, BF(OCH 3 ) 2 (0.750 mL, 6.25 mmol) was added and the temperature was slowly increased until À10 8C. A solution of 30 % aq. H 2 O 2 (2.875 mL, 25 mmol) and 0.5 m aq. NaOH (3 mL) was added and the overall reaction mixture was stirred while reaching RT. The reaction mixture was diluted with Et 2 O (200 mL), washed with brine and the organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. The residue was purified by column chromatography (silica gel, Et 2 O/n-hexane 8:2) affording pure (S)-6,6'-dihydroxy-2,2'-methylenedioxy-1,1'-binaphthalene (6) as a white solid (710 mg, 86 %). 1 (S)-6,6'-Dihydroxy-2,2'-diethoxy-1,1'-binaphthalene (7): A solution of nBuLi 1.6 m in n-hexane (3.9 mL, 6.25 mmol) was added under nitrogen at À70 8C to a solution of (S)-6,6'-dibromo-2,2'-diethoxy-1,1'-binaphthalene (5; 1.250 g, 2.5 mmol) in dry THF (35 mL). The solution was stirred at À70 8C for 15 min, BF(OCH 3 ) 2 (0.750 mL, 6.25 mmol) was added and the temperature was slowly increased to À10 8C. A solution of 30 % aq. H 2 O 2 (2.875 mL, 25 mmol) and 0.5 m aq. NaOH (3 mL) was added and the overall mixture was stirred while reaching RT. The reaction mixture was diluted with Et 2 O (200 mL), washed with brine and the organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. The residue was purified by column chromatography (silica gel, Et 2 O/n-hexane, 8:2) affording pure (S)-6,6'-dihydroxy-2,2'-diethoxy-1,1'-binaphthalene (7) as a white solid (670 mg, 72 %). (S)-6,6'-Dihydroxy-5,5'-bisbenzeneazo-2,2'-diethoxy-1,1'-binaphthalene (9): Dry pyridine (about 0.2 mL, 3 mmol) and K 2 CO 3 (414 mg, 3 mmol) was added at À10 8C to a solution of (S)-6,6'-dihydroxy-2,2'-diethoxy-1,1'-binaphthalene (7; 224 mg, 0.6 mmol) in dry THF (10 mL) under a nitrogen atmosphere. The solution was stirred at À10 8C for 5 min, dry benzenediazonium tetrafluoborate (345 mg, 1.8 mmol) was added and the reaction mixture was stirred for 40 h at À10 8C. The red solution was diluted with Et 2 O (150 mL), washed with NH 4 Cl, H 2 O and brine. The organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. The residue was purified by two successive column chromatography separations (silica gel, toluene/CH 2 Cl 2 /Et 2 O 70:27:3 then silica gel, n-hexane/ Et 2 O 6:4) affording pure (S)-6,6'-dihydroxy-5,5'-bisbenzeneazo-2,2'-diethoxy-1,1'-binaphthalene (9) as a dark red solid (149 mg, 43 %).
[a] (d), 124.1 (d), 125.3 (d), 126.2 (s), 127.1 (s), 128.1 (d), 128.9 (s),  136.8 (d), 143.1 (s), 153.4 (s), 171.2 (s) (S)-6,6'-Dimethoxy-5,5'-bisbenzeneazo-2,2'-methylenedioxy-1,1'-binaphthalene (1): K 2 CO 3 (138 mg, 1.0 mmol) was added under nitrogen at RT to a solution of (S)-6,6'-dihydroxy-5,5'-bisbenzeneazo-2,2'-methylenedioxy-1,1'-binaphthalene (8; 108 mg, 0.20 mmol) in dry DMF (2 mL). The solution was stirred at 60 8C for 30 min, MeI (38 mL, 0.60 mmol) was added and the reaction mixture was stirred overnight at 60 8C. After cooling to RT, the reaction mixture was diluted with Et 2 O (50 mL), washed with H 2 O and brine, the organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. All the successive operations were performed keeping the product away from light. The residue was dissolved in toluene, stirred at 80 8C for 1 h and concentrated in vacuo. The product was purified by two successive column chromatography separations (silica gel, CH 2 Cl 2 /pet. ether 85:15 then silica gel, n-hexane/Et 2 O 1:1) affording pure (S)-6,6'-dimethoxy-5,5'-bisbenzeneazo-2,2'-methylenedioxy-1,1'-binaphthalene (1) as a dark orange solid (73 mg, 65 %).
[a] (S)-6,6'-Dimethoxy-5,5'-bisbenzeneazo-2,2'-diethoxy-1,1'-binaphthalene (2): K 2 CO 3 (104 mg, 0.75 mmol) was added at RT under nitrogen to a solution of (S)-6,6'-dihydroxy-5,5'-bisbenzeneazo-2,2'-diethoxy-1,1'-binaphthalene (9; 87 mg, 0.15 mmol) in dry DMF (1.5 mL). The solution was stirred at 60 8C for 30 min, MeI (28 mL, 0.45 mmol) was added and the reaction mixture was stirred overnight at 60 8C. After cooling to RT, the reaction mixture was diluted with Et 2 O (40 mL), washed with H 2 O and brine, the organic layer was dried over anhydrous Na 2 SO 4 and concentrated in vacuo. All the successive operations were performed keeping the product away from light. The residue was dissolved in toluene, stirred at 80 8C for 1 h and concentrated in vacuo. The product was purified by two successive column chromatography separations (silica gel, CH 2 Cl 2 / pet. ether 85:15 then silica gel, n-hexane/Et 2 O 1:1) affording pure (S)-6,6'-dimethoxy-5,5'-bisbenzeneazo-2,2'-diethoxy-1,1'-binaphthalene (2) as a dark orange solid (60 mg, 66 %).
[a] 
